Neutron activation analysis with an internal standard correction was applied to the determination of Cr and Co in a ceramics certified reference material (NMIJ CRM 8004-a silicon nitride powder). Cesium was used as an internal standard to compensate for any inhomogeneity of the neutron flux through an irradiation capsule and to improve the repeatability of gamma-ray measurements. It was found that the linearity of the calibration curves of Cr and Co was improved by using an internal standard. The analytical results of Cr and Co in NMIJ CRM 8004-a were in good agreement with those obtained by ICP-OES, ICP-sector field mass spectrometry (ICP-SFMS), and isotope dilution/ICP-SFMS for Cr. The relative expanded uncertainties (k = 2) were 1.9% for Cr and 1.5% for Co. The uncertainties were comparable to those of atomic spectrometric methods.
Introduction
National Metrology Institute of Japan (NMIJ) is responsible to develop certified reference materials (CRMs) and to establish traceability to SI (The International System of Units) for chemical metrology in Japan. To realize SI traceability, the primary measurement procedures should be applied to characterize CRMs. Coulometry, gravimetric analysis, titration, isotope dilution mass spectrometry, and depression of the freezing-point method are now recognized as primary measurement procedures by Consultative Committee of Amount of substances (CCQM) in International Committee of Weight and Measures (CIPM). 1 However, isotope dilution mass spectrometry has only the capability to certify trace elements among the above mentioned analytical procedures. Recently, neutron activation analysis (NAA) using a comparator standard is thought as a potential primary measurement procedure, 2 and its analytical feature is discussed in CCQM. It is well known that NAA is a powerful tool for trace elements analysis in geochemical research; 3 especially, NAA is suitable for the nondestructive analysis of refractory materials, for example ceramics materials, such as silicon carbide and silicon nitride. Particularly, high skill is required for the determination of Cr in ceramic materials with the conventional method, because it is very difficult to decompose a sample completely and to avoid the loss of rather highly volatile CrO2Cl2. In contrast, NAA can be applied to the determination of Cr in refractory materials without any chemical treatment. Greenberg et al., 4 Byrne, 5 and other researchers 6, 7 demonstrated that NAA is also useful for the certification of minor and trace elements in various types of CRM to realize the SI traceability chain. From at the viewpoint of certifying reference materials, NAA is an important method for the determination of a mono-isotopic element to which isotope dilution mass spectrometry cannot be applied.
When NAA is applied for the certification of CRMs as a primary measurement procedure, it is required to properly evaluate the measurement uncertainty of NAA. In general, the main components of the uncertainty of NAA are fluctuation of the irradiated neutron flux and repeatability of the gamma-ray measurement. A flux monitor is usually used to correct for any neutron flux inhomogeneity. Multiple flux monitors were inserted between samples and comparator standards in an irradiation capsule to correct for any neutron flux fluctuation. However, although the flux monitor can correct any neutron flux variation using the count rate of a known amount of the monitor nuclide, it does not reflect the neutron flux on an actual sample. In addition, the flux monitor is completely ineffective for improving the gamma-ray measurement repeatability. The most practical method to eliminate neutron flux fluctuation and to improve of radiation measurement repeatability is an internal standard method. In 1958, Leliaert et al. 8 applied the internal standard method to determine V in high-alloy steel using NAA with a cyclotron driven neutron source. Yagi and Masumoto 9 successfully applied the internal standard method to determine Co, Ni, Rb and Sr in pepperbush using photon activation analysis with a linear accelerator driven photon source. Generally, the flux of neutrons and photons from an accelerator-driven particle source shows severe fluctuate in time, as compared with the neutron flux in a nuclear reactor. It is well known that a nuclear reactor has stable neutron flux distribution in time. 10 However, 
Experimental

Instruments
The gamma-ray measurement system consisted of an ORTEC GMX-30190 vertical setup Ge detector and a SEIKO EG&G MCA 7700. The energy resolution of the Ge detector was 1.9 keV at the 1332 keV gamma-ray peak of 60 Co. The system was emulated by a SEIKO EG&G spectrum navigator (DS-P100/W32). The shield system was made of iron brick (50 mm thick) of the battleship Mutsu. An inductively coupled plasma optical emission spectrometer (PerkinElmer Optima 4300DV) was used to measure any impurities in the Cs standard solution. A polyethylene (PE) film (0.005 mm thick, free from Al catalyst process, Hitachi Cable, Ltd., Tokyo, Japan) was used to prepare irradiation samples.
Reagents
Chromium and Co standard comparators were prepared from NMIJ primary inorganic standard solutions. A cesium standard solution (CsNO3 in 2 -3% nitric acid, CertiPUR , which were determined by ICP-OES and INAA. Pure water used throughout the experiment was prepared with a Milli-Q SP RFG40 ICP-MS system (Japan Millipore Ltd., Shinagawa, Japan). Ultrapure-100 nitric acid purchased from Kanto Chemicals, Ltd. (Tokyo, Japan) was used to prepare Cr and Co working standard solutions.
Cr and Co standard solutions for the standard comparator
A Cr standard solution was prepared from the NMIJ primary standard of K2Cr2O7. An aliquot amount (2.86838 g) of the primary K2Cr2O7 was weighed, dissolved with diluted HNO3, and finally diluted to 1 kg with 0.05 mol dm -3 HNO3 to prepare a Cr stock solution (ca. 1 g kg -1 ) in a high-density polyethylene bottle. The two concentration levels of Cr working standard solutions were prepared by mixing the Cr stock solution and the Cs standard solution; the concentrations of Cr and Cs in the higher one were 74.4 and 16.1 μg g -1 , respectively, and those in lower one 24.3 and 16.9 μg g -1 , respectively.
A Co standard solution was prepared from the NMIJ primary standard of Co metal. An aliquot (1.00061 g) of the primary Co metal was weighed, dissolved with 40 mL of HNO3 (1 + 3) and finally diluted to 1 kg with 0.05 mol dm -3 HNO3 to prepare a Co stock solution (ca. 1 g kg -1 ) in a high-density polyethylene bottle. The two concentration levels of Co working standard solutions were prepared; the concentrations of Co and Cs in the higher one were 51.1 and 17.5 μg g -1 , respectively, and those in the lower one were 15.1 and 17.4 μg g -1 , respectively. The above mentioned working standard solutions included Cs as an internal standard.
Preparation of irradiation sample
Fine silicon nitride powder CRM, (NMIJ CRM 8004-a), was analyzed. Four aliquots of 300 mg of NMIJ CRM 8004-a were weighed and put into the PE film bags. Then, 30 mg of Cs working solution (Cs, 16 μg g -1 ) as an internal standard was put into each PE film bag by a polypropylene syringe, and then the PE film bag was heat-sealed to make a sample package smaller than 20 × 20 mm.
A series of Cr and Co standard comparators were prepared, each of which included Cs as an internal standard. Four cleaned ADVANTEC No. 5C paper filters washed by 0.3 mol dm -3 HNO3 were put into PE film bags. Proper amounts of the low and high Cr working solutions were poured on the paper filter in the PE film bag to prepare Cr standard comparators containing 0.86, 0.96, 2.62, and 2.66 μg of Cr, respectively. Then, the PE film bags were heat-sealed. At the same time, these Cr standard comparators contained 0.61, 0.68, 0.57, and 0.58 μg of Cs as internal standards. The Co standard comparators were prepared in the same manner. Proper amounts of high and low Co working solutions were poured on paper filter to prepare Co standard comparators containing 0.469, 0.473, 1.47, and 2.38 μg of Co, respectively. At the same time, these Co standard comparators contained 0.54, 0.55, 0.50, and 0.82 μg of Cs for the internal standard. For a blank test, two other PE film bags were prepared, into one of which ADVANTEC No. 5C paper filter was put, and the other was used as a PE blank. The PE film bags of samples and standard comparators were wrapped in two layers of PE film bags, and were heat-sealed. After that, the samples and the standard comparators were filled in a PE irradiation capsule (33 mm diameter × 95 mm length).
Neutron irradiation and gamma-ray measurements
The samples were irradiated by neutrons using a pneumatic irradiation system, PN-1 (thermal neutron flux, 5.2 × 10 17 m -2 s -1 ; Cd ratio, 23) of Japan Research Reactor No. 3 (JRR-3) in Japan Atomic Energy Agency for 20 min. After the short-lived radioactive nuclides decayed, the PE irradiation capsule was opened and the outer PE films of samples and standard comparators were exchanged. The distance between the detector and the measured sample was 0.3 cm, using an acrylic resin plate. The gamma rays of 52 Cr (320.1 keV), 60 Co (1173.2, 1332.5 keV) and 134 Cs (795.9 keV) emitted from the samples and the standard comparators were measured more than three times with a Ge detector, and the net counts of the above mentioned peaks were required to have more than 60000 count, in order to reduce the counting statistics errors. The samples and the standard comparators were measured on the 19th, 41st, and 49th day after neutron irradiation. The measured gammaray spectrum was analyzed by a SEIKO EG&G spectrum navigator (DS-P100/W32) and a Hypermet-PC program. 13 All measured data were corrected the radioactive decay.
Results and Discussion
Selection of radionuclide as an internal standard
An isotope suitable for an internal standard should have a similar neutron reaction cross section and half-life to target isotopes. The nuclear properties 14 of 50 Cr, 59 Co, and
133
Cs are given in Table 1 . Usually, because 51 Cr and 60 Co were measured 2 weeks and 6 months after irradiation in NAA, respectively, the desirable half-life of an internal standard is around 6 months. As can be seen in Table 1 Co. In addition, Cs was not found in the sample, the standard solutions, and the paper filter, so it was quite acceptable for an internal standard in this experiment.
The typical dead times in the gamma-ray measurements were in the range from 0.03 to 0.22%, so the measured gamma-ray spectrum has no trouble with the count rate linearity.
Gamma ray interference
The spectral interferences of gamma rays on the measurement of 51 Cr, 60 Co, and 134 Cs were investigated. At first, the effect of the background radiation of natural radioactive nuclides on the gamma-ray measurement system was examined. It was confirmed that the background radiation did not affect the measurements of 51 Cr, 60 Co, and 134 Cs.
A possible gamma ray, which affects the measurement of 51 Cr 320.1 keV gamma-ray peak is 147 Nd 319.42 keV (relative gamma ray intensity, Iγ = 1.95%; T1/2, 10.98 days). The samples were measured on the 19th, 41st, and 49th day after neutron irradiation. The typical count rate of 147 Nd 531.4 keV (Iγ = 13.1%) in the silicon nitride sample was 0.024 ± 0.0025 cps on 19th day after irradiation. And then the count rate of 147 Nd 319.42 keV (Iγ = 1.95%) was estimated to be 0.0036 ± 0.00037 cps on the 41st day, and the count rate decreased to 0.0009 cps on the 49th day according to radioactive decay. On the other hand, the typical count rate of 51 Cr 320.1 keV gamma-ray peak in the sample was 1.317 ± 0.006 cps. Therefore, it was not considered that 147 Nd interfered with the 51 Cr 320.1 keV gamma-ray peak in the sample. Possible gamma rays that affect the measurement of the 60 Co 1173.2 keV gamma-ray peak are 134 Cs 1167.9 keV (Iγ = 1.8%), sum peak of Cs 1167.9 keV (Iγ = 1.8%) and the sum peak of 134 Cs 569 keV and 134 Cs 604 keV interfered with 60 Co 1173 keV gamma-ray peak. These interferences were corrected by a correcting factor, which was the count rate ratios of those interference peak counts to the 134 Cs 795.9 keV one. In addition, it was confirmed that there was no other significant peak to interfere with gamma-ray peaks of 51 Cr 320.08 keV, 134 Cs 795.9 keV, and 60 Co 1332.5 keV.
Effect of internal standard on measurements repeatability
In this study, the geometry of the gamma-ray measurement was intentionally changed, and the variation of the signal intensity was measured to evaluate the internal standardization. One sample was displaced in a horizontal direction on an acrylic resin plate. Figure 1 shows the effect of the horizontal distance between the vertical setup Ge detector and the sample on the count rate of the 60 Co 1332.5 keV gamma-ray peak. The count rate of the 60 Co 1332.5 keV gamma-ray peak decreased along with an increase in the distance between the Ge detector and the sample. In contrast, the count rate ratios of 60 Co/ 134 Cs shows remarkable stable count rate ratios, even when the distance between the detector and the sample is increased. It can be seen in Fig. 1 , that introducing an internal standard could reduce the geometry effect in gamma-ray measurements, and that it could improve the repeatability of gamma-ray measurements. The effect of an internal standard on measurement repeatability is shown in Fig. 2 , when an actual sample was measured. Although the sample was carefully set on at the sample position, the measurement repetition (n = 4) of 51 Cr 320 keV gamma-ray Fig. 1 Effect of the horizontal distance between the center of the vertical setup Ge detector and the sample on the 60 Co 1332.5 keV gamma-ray peak count rate. , Count rate ratios of the 60 Co 1332.5 keV gamma-ray peak/ 134 Cs 795.9 keV gamma-ray peak normalized to the count rate ratio at 0 mm; , 60 Co 1332.5 keV gamma-ray peak count rates normalized to the count rate at 0 mm.
peak count rate was 3.2% RSD without using an internal standard. In the same measurements, when the measurement data were normalized to the 134 Cs 795.9 keV gamma-ray peak count rate using an internal standard, the relative standard deviation was improved to 0.42% RSD. The use of internal standard is notably advantage to improve the measurement repetition by correcting the geometrical disarrangement.
Neutron flux homogeneity
Generally speaking, the neutron flux is not homogeneous at the different positions in the irradiation capsule, even when a steady state nuclear reactor was used. In this study, the variations of 134 Cs sensitivity (cps μg -1 ) at 795.9 keV gammaray peak in standard comparators were investigated to determine the neutron flux homogeneity. The neutron flux significantly fluctuated from position to position even in the irradiation capsule, and the relative standard uncertainty of the inhomogeneity was estimated to be about 2.7% by ANOVA (analysis of variance) based on the variation of the 134 Cs sensitivity (cps μg -1 ) at 795.9 keV gamma-ray peak of nine standard comparators (n = 9). This means that the uncertainty related to the neutron flux homogeneity significantly contributes to the overall uncertainty, if an internal standard is not applied. For example, as shown in Fig. 3 , the measurement reproducibility of the 60 Co sensitivity (cps μg -1 ) at 1332.5 keV gamma-ray peak of the standard comparators (n = 4) was improved to 0.29% RSD from 2.9% RSD, when 134 Cs was used as an internal standard. At the same time, those of the 51 Cr sensitivity (cps μg -1 ) at 320.1 keV gamma-ray peak was improved to 0.36% RSD from 3.2% RSD, too. The use of an internal standard could reduce the measurement reproducibility based on the inhomogeneity of the neutron flux.
Determination of Cr and Co in silicon nitride and estimation of measurements uncertainty
Determinations of Cr and Co in silicon nitride were performed with a calibration curve method using 134 Cs as an internal standard. Because the linearity of the calibration curve is essential to achieve precise and accurate determinations, the linearity of the calibration curves of Cr and Co were examined. The calibration curves of 51 Cr and 60 Co showed good and sufficient linearity, and both of their correlation coefficients were 0.9999. The relative standard uncertainty related to the calibration curve linearity was improved to 0.35% from 2.4% for Cr measurement and to 0.42% from 0.87% for Co by using an internal standard method. The use of an internal standard can also reduced the standard uncertainty based on the calibration curve linearity.
A minimum detectable value (MDV) of a target element is one of the good indications used to evaluate the analytical performance of the measurement method. According to Currie et al., 15 MDV is calculated from the standard deviation at the y-intercept of the calibration curves; its residual standard deviation and its slope are as expressed in the following; where Sa is the standard deviation of the y-intercept of the calibration curve, Sy is the residual standard deviation and b is the slope of the calibration curve.
The MDV of Cr was 36 ng using the calibration curve of 320.1 keV gamma-ray peak and that of Co was 28 ng using a calibration curve of the 1332.5 keV gamma-ray peak. These Fig. 2 Effect of the internal standard on the measurement repeatability of the 51 Cr 320.1 keV gamma-ray peak count rate. , Count rate ratios of the 51 Cr 320.1 keV gamma-ray peak/ 134 Cs 795.9 keV gamma-ray peak normalized to the mean count rate ratio;
, count rates of the 51 Cr 320.1 keV gamma ray peak normalized to the mean count rate. Half of each bar indicates the counting statistics on each measurement. Fig. 3 Variation of the 60 Co sensitivity (cps μg -1 ) at 1332.5 keV gamma-ray peak in the irradiation capsule.
, Ratios of 60 Co sensitivity (cps μg -1 ) at 1332.5 keV gamma-ray peak/ 134 Cs sensitivity (cps μg -1 ) at 795.9 keV gamma-ray peak normalized to the mean ratio;
, sensitivity (cps μg -1 ) of the 60 Co at 1332.5 keV gamma-ray peak normalized to the mean sensitivity. Half of each bar indicates the standard deviation of the measurement repetition on each standard comparator. MDVs were sufficiently low to determine Cr and Co in a ceramic sample, as shown below.
The analytical results obtained with the proposed method, and other atomic spectrometric methods 12 are listed in Table 2 ; the calculated measurement uncertainties of proposed method are listed in Table 3 .
As shown in Table 2 , the analytical values of Cr and Co obtained by the proposed method were in good agreement with those determined by isotope dilution/inductively coupled plasma sector field mass spectrometry (ID/ICP-SFMS), ICP-OES, and ICP-SFMS. Furthermore, they were also in excellent agreement with the informative values of Cr and Co in NMIJ CRM 8004-a.
It can be seen in Table 3 , that the major components of the combined standard uncertainty were the sample measurement repeatability and the calibration curve for both elements. The uncertainty of the neutron flux inhomogeneity was not accounted, because the neutron flux inhomogeneity could be corrected by the internal standard method.
The calculated expanded measurement uncertainties (coverage factor, k = 2) of the proposed method were 1.9% in Cr determination and 1.5% in Co determination. They were smaller than those of ICP-OES and ICP-SFMS with the calibration curve method after sample digestion. The relatively small expanded uncertainties of Cr and Co could be obtained by the proposed method because NAA has a more simple analytical procedure. In addition, NAA is unique and important to determine mono-isotopic elements, such as Co, since the isotope dilution mass spectrometry, which is one of the primary measurement procedures, cannot be applied to those elements.
Conclusion
In this study, NAA using Cs as an internal standard was applied to the determination of Cr and Co in ceramics CRM. The internal standard method was found to be useful to correct for any inhomogeneity of the neutron flux, and improve both the repeatability of gamma-ray measurement and the linearity of calibration curves. The analytical results of Cr and Co of NMIJ CRM 8004-a are in excellent agreement with those obtained by ICP-OES, ICP-SFMS and ID/ICP-SFMS. The relative expanded uncertainties (k = 2) were less than 2%, which were relatively smaller than those of ICP spectrometric methods. The proposed method can precisely determine Cr and Co in a ceramics sample without any chemical pretreatment. 
